Introduction

T
he objective in sprint running is to traverse the ground as quickly as possible. To accomplish this task, the sprinter's limbs undergo a series of explosive movements, requiring tremendous angular forces that subject the musculotendinous units to increased mechanical and physiological strain. Periodized sprint training is designed to elicit both metabolic and morphological adaptations to reduce this strain and improve performance. Sprint interval training is the most common form of training protocol for the modern-day sprinter. The complexity of the interaction between interval intensity, duration of sprinting, recovery between repetitions, total volume, frequency of training bouts, and the individual responses of both the developmental and elite athlete to these conditions will determine the adaptation response. It is clear that establishing different training protocols is essential for optimizing the efficiency of individual workouts so as to achieve specific adaptations or training goals. The goals for specific training sessions or periodized training blocks may be very different; therefore, it is important for the coach to understand the mechanisms that most efficiently result in achieving the desired goal or training adaptation. A review of the literature that discusses the adaptations to sprint training, the mechanisms responsible for fatigue during interval training, and the effect of fatigue on motor learning may help establish the correct recovery duration to elicit motor learning, optimal neuromuscular changes, or both, for maximum running velocity adaptation while performing repeated, short-duration, 60-m sprints.
Specificity, Motor Learning, and Human Motor Programs
Franklin Henry, the father of motor behavior research, is responsible for establishing the fundamental concepts behind the study of motor learning and human performance (51) . Henry proposed the specificity hypothesis, which argued that movement behaviors require a large number of general motor abilities. These abilities are independent of each other, and proficiency in one area of motor ability would not necessarily indicate proficiency in all motor abilities. Motor programs facilitate motor learning, a process whereby an individual's selection and use of genetically predisposed motor abilities is altered as a result of practice, experience, or both, which leads to relatively permanent changes in the capacity for skilled performance. unique to a particular movement or class of movements (59) .
Effects of Fatigue on Training Specificity
The concept of specificity of training holds that, in order to achieve maximal learning and performance, practice must occur under conditions that are specific to the criterion task (28, 52) . Early work in the field of movement behavior revealed that the greater the velocity of movement, the less accurate the movement pattern becomes (61) . This is one of the fundamental principles of movement behavior (20) . During sprint performance, high velocity and high force muscle contractions challenge the effectiveness of an individual's motor program to maintain spatial and temporal precision (51) . Under conditions of fatigue (defined for the purposes of this manuscript as any physiological change that results in nonoptimal, nonspecific coordination solutions, or an inability to maintain a given or expected force or power output, or both), specificity of training may be compromised. Although the diverse findings from the investigations into the effects of physical fatigue on motor learning and performance show evidence contradicting the specificity of training theory (1, 10, 50, 58) , a greater volume of evidence appears to uphold the hypothesis (11, 12, 24, 44, 55) . It is important to note that the evidence supporting decreased learning as a result of fatigue appears consistent during high-intensity exercise situations (59 fected during light fatigue conditions, but that significant performance changes in form and distance were observed for moderate and heavy fatigue conditions. Fatigue was inferred from heart rate based on a pretest predicted VO 2 max. Subjects pedaled on a cycle ergometer at 85 revolutions/min at 300 kpm/min. After each minute of exercise the workload was increased by 300 kpm until each subject reached the target heart rate associated with his or her assigned fatigue condition. Subjects returned to the fatigue task when, during practice, their heart rate dropped at least 10 beats/min below target heart rate.
Rodacki et al. (46) came to the same conclusions when examining fatigue effects on the neural performance and movement changes during vertical jump trials. In all cases, these experiments were conducted using subjects who learned new or previously unpracticed skills; therefore, performance was based on rudimentary motor program development.
Effects of Fatigue on Sophisticated Versus Developmental Motor Programs
The preponderance of evidence supports exercise-type specificity, with the greatest training effects occurring when training exercises are velocity-specific, biomechanical-specific, or movementspecific, and utilize a motor recruitment pattern similar to that of the desired performance activity (41) . When considering high-velocity, high-intensity muscle contractions (similar in many ways to sprint running), it is unclear whether or not specificity of training affects motor development differently in well-trained and untrained subjects. Schmidt (51) suggests that specificity of training becomes more critical to specific skill acquisition as the motor program becomes more advanced. It is likely that fatigue may affect motor skill development and performance very differently if subjects are employing an already existing sophisticated or advanced motor program, as is the case with elite-level sprinters. Further research is needed to compare the effects of fatigue on developmental and advanced motor skill learning.
Mechanisms of Fatigue During Sprint Training
A plethora of research has been conducted to elucidate both the metabolic and morphological adaptations that provide insight into the etiological factors influencing fatigue during single and repeated sprint performance. Ross et al. (47) , in a review article that highlighted the long-term metabolic and skeletal muscle adaptations to sprint training, found that appropriate sprint training programs may induce a shift toward type IIa muscle fiber composition (17, 47) , an increase in cross sectional area, and an increase in the volume of sarcoplasmic reticulum to improve the release of Ca 2+ (47) . Ortenblad et al. (43) also found an increased Ca 2+ release due to an enhanced volume of sarcoplasmic reticulum induced by a 5-week, high-intensity, intermittent bicycle training protocol.
McKenna et al. (39, 40) found that sprint training improved muscle ion regulation, activation of the muscle Na + -K + pump that resulted in a decrease in plasma Na + and K + , an increase in muscle Na + and K + uptake consistent with greater muscle activation, and an observed lesser rate of fatigue. Ross et al. (47) concluded that the inability to maintain ion regulation, one of the primary causes of fatigue during sprint training, may be partially responsible for the capacity of the neuromuscular system to maintain muscle excitability, neuromuscular conduction velocity, and central drive during a single sprint interval training session.
In a study conducted by Klapcinska et al. (34) , responses to a single, 300-m sprint were measured in both trained hurdlers and untrained, physically fit adults. The data indicated that all sub-jects showed elevated plasma creatine kinase, lactate dehydrogenase, and uric acid postexercise; possible indications of intracellular muscle trauma or protein breakdown. More pronounced and delayed post-run plasma creatine kinase may indicate larger exercise-induced muscle injury in the untrained subjects. In repeated sprint performance, muscle protein breakdown may result in fatigue and a decrease in performance.
Research that examined the effects of sprint training on energy system adaptation has shown little adaptation in substrate and enzymatic activity of the phosphogen system (18, 47) , but the adaptations to glycolytic and aerobic enzyme activity appear extensive (14, 18, 35, 47) . Further discussion will focus on the research that addressed the interaction between the alactic, lactic, and aerobic energy systems; the time course of metabolism and resynthesis; and the possible effects of this interaction on fatigue during sprint interval training.
Energy System Interaction, Recovery Duration, and Sprint Performance
Metabolic responses to maximal exercise have long been studied by researchers. In the 1960s, it was believed that during the first 10 seconds of maximal exercise, total energy requirements could be met by adenosine triphosphate (ATP) hydrolysis and substratelevel phosphorylation (36) . The authors also surmised that glycogen hydrolysis to lactate did not begin until phosphocreatine (PCr) stores were depleted. It is now accepted that PCr hydrolysis and lactate production do not occur in isolation; rather, they initiate rapidly at the onset of muscle contraction (5, 9, 13, 31, 32) . During a 30-second bout of isometric contraction evoked by maximal electrical stimulation, Greenhaff et al. (25) found that PCr hydrolysis was highest within 2 seconds of the initiation of contraction, and that the contribution of PCr to ATP resynthesis was reduced to 50% following 10 seconds of exercise. PCr did contribute to ATP resynthesis-a mere 2% of the initial rate during the last 20 seconds of exercise. In the same study, it was also revealed that glycolysis activity reached a maximum after 5 seconds of contraction, and maintained ATP production through 20 seconds before declining over the last 10 seconds of muscle activity.
Hirvonen et al. (29) measured sprint speed, muscle ATP, creatine phosphate, and lactate production for 7 male sprinters following 40-, 60-, 80-, and 100-m sprints. The fastest sprinters exhibited a significantly greater ability to break down phosphate stores. Blood and muscle lactate began to accumulate during the 40-m sprint and continued to elevate following each of the longer sprints. According to Hirvonen, lactate never reached levels significant enough to account for the decrease in running speed; therefore, sprint speed performance over 100 m was dependent on the capacity of the sprinter to break down high-energy phosphates at the beginning of exercise.
During multiple sprint intervals, several authors have shown that a great reduction in the rate of glycolysis without a proportional decrease in power output is partially compensated for by increased aerobic metabolism (23, 38, 45, 53) . Bogdanis et al. (6) showed that, during the second of 2 maximal-intensity, 30-second sprint intervals (performed on a cycle ergometer with 4 minutes of recovery), PCr was almost completely depleted in the first 10 seconds, glycolytic hydrolysis decreased by 45% and the aerobic energy system contributed 49% of the energy expenditure, while power output declined by only 18%. Although aerobic metabolism provided a significant portion of the energy during the second sprint, it was concluded that PCr repletion is essential in maintaining maximal power output during the first 10 seconds of repeated sprint exercise (6, 30).
Balsom et al. (3) conducted a study in which 7 male subjects performed fifteen 40-m sprint runs on 3 occasions with rest periods of either 120 (R120), 60 (R60), or 30 (R30) seconds between each interval. The subjects were timed using photo cells placed at the 15-, 30-, and 40-m marks of the sprint. Data indicated that running speed over the last 10 m decreased in all 3 protocols (after 11 sprints in R120, 7 sprints in R60, and 3 sprints in R30), and performance during the initial acceleration period was affected only for the group with the shortest recovery interval (sprint 1, 2.58 ± 0.03 seconds to sprint 15, 2.78 ± 0.04 seconds; p < 0.05). The R30 group was significantly different from the R120 and R60 groups in blood lactate concentration postexercise (R120, 12.1 ± 1.3 mmol · 1 -1 ; R60, 13.9 ± 1.2 mmol · 1 -1 ; R30, 17.2 ± 0.7 mmol · 1 -1 ). Although no significant differences occurred in blood lactate concentration after the first 6 sprints for all recovery groups, significant performance differences were observed. The authors speculated that blood lactate is a poor predictor of sprint time during this type of exercise. Data also showed oxygen uptake measured during rest periods increased to 52, 57, and 66% of maximum oxygen uptake in the R120, R60, and R30 groups, respectively. Finally, the authors concluded that postexercise uric acid and plasma hypoxanthinemeasures of muscle degradation-were not affected by the changes in recovery duration. This conclusion may not necessarily reflect the outcome of recovery on muscle degradation if the recovery intervals were of a longer duration.
Wootton et al. (62) performed the only study to date that is not primarily focused on metabolic interactions associated with recovery duration changes, but makes a direct correlation between recovery duration and a measure of performance. The authors measured peak, end, and average power output for five 6-second sprinting bouts on a cycle ergometer. Recovery durations of 30 and 60 seconds were employed. All power outputs that followed the third sprinting bout were significantly better for the 60-second protocol (p < 0.01) than the 30-second protocol. More studies are needed to determine the effects of longer recovery durations on short sprint interval training.
Phosphocreatine Resynthesis During Single and Repeated Sprint Interval Training
Much of the research investigating PCr repletion has employed a cycle ergometer protocol involving a single, 30-second sprint. Norman et al. (42) (7) found that PCr resynthesis reached 64% and 85% of pre-exercise levels following recovery of 1.5 minutes and 6 minutes, respectively.
Increased glycolytic activity during repeated sprint interval training may also upset the energy system balance. Evidence presented by Balsom et al. (4) and Fitzsimons et al. (21) revealed that lactate levels following repeated short sprint exercise (≤6 seconds) regularly reach 12 mmol · 1 -1 , an accumulation significant enough to retard the process of PCr resynthesis if recovery durations are insufficient (48, 53, 54, 56) .
Although most researchers agree that the time course of creatine phosphate repletion has been measured in 2 phases (19, 26) , the actual length of time for repletion is under debate. The duration and nature of the exercise and recovery period, the production of lactate (4, 21, 33, 48, 49, 53, 54, 60) , and the aerobic power of the subjects involved (16, 27, 32, 54, 62) may all affect the nonlinear utilization and repletion of creatine phosphate (37, 57, 63) . The potential of the aforementioned mechanisms to affect fatigue would suggest that the utilization during and repletion of PCr following a single sprint protocol might not accurately reflect the utilization and repletion of PCr during the performance of multiple sprint intervals. Dawson et al. (18) measured phosphocreatine repletion following either single (1 ´6-second, n = 7) or repeated (5 ´6-second departing every 30 seconds, n = 8) maximal sprint cycling efforts. The authors concluded that the rate of repletion was faster following the repeated sprint protocol, but full PCr repletion was likely to take longer after repeated sprints than following a single sprint interval.
Alactic Adaptation as a Result of Sprint Training
Performance of short-duration, highintensity sprint intervals is essential to facilitate motor learning and energy system development for the track and field sprinter. Given the importance of PCr utilization to both single and multiple short-sprint intervals, knowledge of PCr resynthesis after such exercise would greatly assist in the prescription of more suitable recovery times between repetitions. Several authors and sports governing bodies have published periodized training models and coaching manuals that promote work-to-recovery ratios from 1:3 to 1:6 for short sprint activity up to 10 seconds (8, 15, 22) . According to the previously highlighted research that indicated a less than full resynthesis of PCr following 6 minutes of recovery, work-to-recovery ratios of 1:3 to 1:6 would provide a minimum of 30 seconds and a maximum of 60 seconds of recovery based on a 10-second, 100-m sprint time; however, this is an insufficient recovery time for creatine phosphate resynthesis. The rationale behind the design and implementation of such short recovery intervals is most likely focused on energy system development and not on maximizing motor learning, or promoting maximal performance during workouts, or both.
Evidence exists that would suggest that short-duration recovery intervals may not result in any alactic energy system adaptation. A review of literature by Ross et al. (47) and research by Dawson et al. (18) that examined the effects of short-duration sprint training (<10 seconds) with brief recovery (<30 seconds) on metabolic adaptations of muscle showed no significant increases in muscle PCr, ATP, phosphokinase, or myokinase. This would indicate that sprint training even with short recovery intervals resulted in little phosphogen energy system adaptation. This evidence may call into question the efficacy of employing short recovery durations during sprint intervals (<10 seconds) for the purpose of phosphogen energy system adaptation.
Parra et al. (45) examined the distribution of rest periods on creatine kinase activity and sprint cycling performance. Ten active male subjects, divided into 2 groups, performed 14 incremental training sessions in which the distribution of rest periods was varied. The "short program" (SP) group trained every day for 2 weeks, while the "long program" (LP) group trained over a 6-week period with a 2-day rest period following each training session. For the first 3 training sessions, all subjects performed two 15-second sprint bouts with 45 seconds of recovery followed by two 30-second supramaximal sprints with 12 minutes of recovery. For the sessions that followed, one 15-second and one 30-second sprint bout was added every 2 training sessions. Parra et al. (45) found that the activity of creatine kinase rose significantly, but only in the SP group. Despite the apparent increase in creatine kinase activity, the SP group experienced a significant drop in ATP consumption per gram of muscle (p > 0.05) and failed to improve performance. The authors concluded that short rest periods between workouts produced larger increases in creatine kinase and lactate dehydrogenase but reduced substrate availability, and did not result in an improvement in performance. Other studies conducted by Klapcinska et al. (34) and Hirvonen et al. (29) have indicated that PCr utilization is higher, especially in elite sprinters, but it is unclear whether this is a result of training or a genetic predisposition to having higher type II muscle fiber composition.
Conclusion
Research analyzing the mechanisms responsible for fatigue is ostensibly in its infancy. Further research to examine the direct effects of recovery time on multiple sprint performances during shortduration interval training sessions is necessary to provide optimal recovery times for motor skill development at both the developmental and elite sprinting levels.
The current body of research indicates that fatigue affects specificity of training. Further research is needed to compare the effects of fatigue on developmental and advanced motor skill learning. It is likely that new skill acquisition is less affected by specificity of training. In the case of elite-level sprinters who employ a sophisticated or advanced motor program, practice must be specific to the criterion task.
The current review of literature highlights intracellular muscle trauma, neuromuscular ion regulation, metabolite production, and energy system regulation as possible mechanisms of fatigue during single and repeated sprint training. At the present time, many of these mechanisms of fatigue are poorly understood, but it is clear that the phosphogen system, specifically creatine utilization and repletion, plays a huge role in determining performance during the first 10 seconds of single-sprint and multiple-sprint interval training sessions. Research that has examined the time course of creatine phosphate repletion indicates that PCr is likely to take upward of 6 minutes to achieve greater than 85% of its resting level. The current evidence suggests that the phosphogen system experiences little adaptation as a result of sprint training and, although glycolytic and aerobic enzymes show an increase in concentration following prolonged short sprint interval training, these same metabolic adaptations are more effectively achieved when performing longer sprint intervals (>20 seconds). This evidence may call into question the efficacy of employing short recovery durations during sprint intervals (<10 seconds) for the purpose of phosphogen energy system adaptation. Review of the literature appears to suggest that optimal recovery time to maximize goal specific training and motor skill development for short sprint interval training (<10 seconds) will most likely be greater than 6 minutes in duration. This optimal recovery duration may also apply to other speed and power development sports. ♦
